Do greater levels of exercise always promote relatively higher levels of daily energy expenditure and health? Recent studies challenge the traditional assumption that 'more exercise is better' by suggesting daily energy expenditure and health plateaus are reached beyond which incremental gains are minimal.
Animals that acquire, assimilate, and metabolize energy from food and can use these available energy sources to successfully reproduce are positioned for optimal survival. Flexibility is an important feature of this biological construct that allows animals and other organisms to adjust as energy availability waxes and wanes with varying food resources and metabolic demands imposed by pregnancy, lactation, growth, catabolic disease, and periods of inactivity or high-intensity physical activity. These concepts are embodied in the study reported by Pontzer et al. in this issue of Current Biology [1] that advances the hypothesis that human energy expenditure increases with greater physical activity levels but plateaus at higher levels due to corresponding adaptive reductions in energyconsuming, non-muscular physiological processes such as reproductive and somatic functions.
Pontzer et al. [1] evaluated total energy expenditure with doubly labeled water and physical activity levels with accelerometry in a large adult sample (n = 332). After adjusting for body size, age, and other demographic variables, total energy expenditure eventually plateaued as physical activity increased, supporting a 'constrained' total energy expenditure model.
Pontzer's constrained model [1] posits that the traditional additive method for estimating total energy expenditure from its individual determinants in humans will over-predict energy requirements at high physical activity levels. The so-called additive 'factorial' method is now widely used to estimate the influence physical activities have on total energy expenditure and thus the amount of food needed to maintain a stable body weight [2] . Accurate knowledge on the magnitude increase in physical activity that will raise total energy expenditure is vital when providing appropriate treatment recommendations aimed at inducing negative energy balance and loss of obesity-related excess weight [3] .
Pontzer's constrained total energy expenditure model rests firmly on our current understanding of energy exchange in humans and other mammals. The amount of energy ingested from food must replace energy losses in stool, urine, and as heat in order to maintain energy balance and body weight over time. Energy stores, mainly as adipose tissue triglycerides, increase during periods of positive energy balance and decrease when energy balance is negative. We now know that energy balance is regulated through central and peripheral homeostatic mechanisms [4] .
Most of the components of energy exchange in humans can now be measured, although methods are sometimes complex and not widely available in settings such as some of those in the study of Pontzer et al. [1] that included five samples of African descent at different economic stages of development (rural Ghana, urban South Africa, Seychelles, urban Jamaica, and suburban United States). Energy losses as heat are usually measured by indirect calorimetry over the whole day or during various segments of the day. Pontzer et al. [1] used the doubly labeled water method, a form of indirect calorimetry, to estimate total energy expenditure [5] . The total amount of energy expended is typically measured in free-living subjects with the doubly labeled water method over a period of 10-14 days, and results are then expressed as kcal/d. Non-activity energy expenditure can also be measured with indirect calorimetry systems in resting subjects, during sleep, in the basal awake state, at rest, and following a meal. Fecal and urinary energy losses are typically not directly measured but estimated using what is referred to as Atwater values [6] .
Activity energy expenditure, which is the energy expended beyond the basal state and includes physical activity and non-exercise activity expenditure, can also be measured by indirect calorimetry methods, but devices can be bulky and may not give reliable estimates of real-world heat production rates [7] . An alternative to measuring activity energy expenditure directly is to represent it as the difference between total energy expenditure and resting energy expenditure measured by indirect calorimetry combined with an estimated value for diet-induced energy expenditure (typically 10% of total energy expenditure) [8] . Pontzer et al. measured accelerometer counts and used them as a proxy for energy consumed during physical activities [1] . Accelerometers are motion sensors that generate a variable electrical signal related to the amplitude and frequency of subject movement with results stored as activity counts.
The current reference method for estimating energy intake from food in non-confined subjects is the R102 Current Biology 26, R102-R124, February 8, 2016 ª2016 Elsevier Ltd All rights reserved combination of doubly labeled water-measured total energy expenditure and changes in body energy stores measured with advanced body composition methods over the multi-day doubly labeled water evaluation period. Energy intake can then be calculated as the difference between total energy expenditure and changes in energy stores and dietinduced energy expenditure [9] . Self-reported estimates of energy intake from foods and energy expended in activities are unreliable [9] and cannot provide the quality of data needed to critically test hypotheses such as those advanced Pontzer et al. [1] .
During periods of energy equilibrium, energy intake, total energy expenditure, resting energy expenditure, activity levels, and body weight (a proxy for energy balance status) fluctuate on a daily basis but remain relatively stable over time. Homeostatic mechanisms play an important role in maintaining long-term neutral energy balance, with our understanding of these mechanisms greatly improving over the past two decades [4] . Reducing energy intake, as happens during famines or with voluntary weight loss, incites a cascade of hormonal and metabolic adaptations that conserve lean tissue functions and slow depletion of energy stores (Figure 1 ) [10] . One feature of this process is a lowering of resting energy expenditure below that expected for the subject's sex, age, and obligatory heat produced by metabolically active tissues [11] .
When metabolizable energy availability is lowered by promoting drug-induced fecal or urinary energy losses, homeostatic mechanisms are recognized to compensate by stimulating hunger and subsequent food intake that limit losses of functional lean tissues and energy stores [12, 13] . Similarly, when physical activity levels are substantially increased over several weeks or months, adaptive mechanisms appear to stimulate an increase in food intake, which limits the magnitude of adverse potential effects of negative energy and protein balance [8] . By contrast, when energy intake is maintained constant and levels of physical activity are markedly increased, adaptive reductions in resting energy expenditure are observed [8, 14] . An extreme clinical form of this example is the female 'athlete triad' in which low energy availability is the net result of inadequate food intake, with or without disordered eating, and high levels of physical activity [15] . Available energy in this context is defined as the difference between energy expended in exercise and energy obtained from ingested foods. Low available energy levels are signaled by reproductive abnormalities, including cessation of menses, impaired bone health, and disturbances in immune function and protein synthesis. Adolescent girls and adult women afflicted with this condition have low resting energy expenditure for their age and body composition and report clinical somatic effects such as slow injury healing times [15, 16] . The recent appearance of a similar condition in male athletes has led the International Olympic Committee to rename the syndrome Relative Energy Deficiency in Sport, RED-S [17] .
A network of adaptive responses thus prevail in humans that appear to respond when energy availability is low and the physiological signature of these responses depends on the magnitude of imbalance and the cause of the imbalance, such as reductions in energy intake, energy losses, or a combination of the two.
Pontzer et al. [1] used cross-sectional data from the five study locations and then statistically adjusted total energy expenditure for body size and composition, age, sex, and study location. The resulting function versus physical activity levels (measured by accelerometer counts) was curvilinear and not linear, a trend consistent with the constrained total energy expenditure model and Energy intake from foods passes through tissue and organ metabolizing systems with energy losses in feces, skin, and urine before entering the metabolizable energy pool. A portion of metabolizable energy is needed to maintain the energy-producing systems and to process ingested food. The remaining metabolizable energy is available for supporting activity and other processes (residual energy), such as core temperature maintenance, pregnancy, lactation, growth, and the needs imposed by catabolic disease. Expended energy (output) is released into the environment as heat. Homeostatic mechanisms maintain stable metabolizable energy levels with a cascade of adaptive mechanisms appearing when levels are low as might follow with high exercise levels without corresponding increases in energy intake. Adaptive mechanisms, such as suppressed reproductive functions in female athletes, may have adverse long-term health consequences such as osteoporosis and pathological bone fractures. As activity levels are increased the human energy exchange system reaches a maximal operational level that can be sustained for several days or weeks; exceeding this level results in weight loss and reduced performance.
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Current Biology 26, R102-R124, February 8, 2016 ª2016 Elsevier Ltd All rights reserved R103 not the factorial model. Adjusted resting energy expenditure levels were not significantly correlated with activity levels, leading the authors to consider several other possible metabolic adaptations including their hypothesized lowering of energyconsuming reproductive and somatic functions. The total energy expenditure ceiling hypothesis of Pontzer et al. [1] adds to our growing recognition that a curvilinear relationship between activity levels, energy expenditure, and health outcomes may be present. Most adults have total energy expenditure approximately 1.5-1.7 times their resting energy expenditure [18] . A total energy expenditure ceiling is observed in non-athletes at 2.0-2.5 times resting energy expenditure and in highly trained Tour de France athletes at 4.3 times resting energy expenditure over several weeks [18] ; levels above these lead to weight loss. The constrained total energy expenditure theory is also consistent with the observation that a curvilinear relationship may exist between physical activity levels and related health benefits: the 'too much exercise' hypothesis [19] .
These collective observations suggest that greater levels of activity do not appear to simply proportionally increase energy expenditure and health benefits as is usually assumed. The hypothesized diminishing returns with greater activity levels are met with an energy expenditure plateau and a finite limit beyond which weight loss [18] and potential negative health consequences ensue [19] . Are these findings relevant to the millions of Americans whose activity levels are far below those recommended for maintaining optimal health [2, 3, 19] ? Do ever-higher levels of activity in recreational and professional athletes push them into a low available energy zone known to have adverse health effects [15] ?
While the elegant analysis of Pontzer et al. [1] lays out interesting and provocative new observations, the authors' findings were based on a retrospective analysis of a cross-sectional sample with applied methods practical in the real world. Therefore, we cannot firmly answer the aforementioned questions and extrapolate these initial observations to public health recommendations. To experimentally achieve proof-of-concept for both constrained total energy expenditure [1] and health benefit [19] models will require application of advanced measurement methods to control and/or quantify energy intake and expenditure along with other metabolic and functional measurements in settings that allow for strict protocol adherence. Studies such as these would provide new and refined quantitative information on the inter-relations between activity levels, energy expenditure, and health-outcome risk factors. Moreover, new physiological and metabolic insights would likely accrue on mechanisms regulating energy intake, energy expenditure, and the impact of energy imbalance on body energy stores and lean tissue functions.
